There is currently a major concern regarding the optimal immunosuppression therapy to be administered after hematopoietic stem cell transplantation (HSCT) to reduce both the toxicity of GvHD and the rate of relapse. We report the outcome of high-risk leukemia children transplanted with a new way of managing cyclosporine (CsA)-based GvHD prophylaxis. A total of 110 HSCT in 109 ALL or AML children who received CsA without mycophenolate or methotrexate in matched related as well as in matched or mismatched unrelated stem cell transplantation were included. CsA dosage regimens were individualized to obtain specific trough blood concentrations values. The incidences of grade I-II and III-IV acute GvHD were 69.1% and 1.8%, respectively, and 8.4% for chronic GvHD. GvHD was neither more frequent nor severe in unrelated than in related HSCT. GvHD occurred in 87% of patients with a mean CsA trough concentration ⩽ 120 ng/mL versus 43% with concentration 4120 ng/mL (Po 0.0001). Five-year disease-free survival (DFS) and overall survival were 78% and 83.6%, respectively. DFS was 76.9% for ALL and 80.4% for AML patients. There was no difference in DFS between matched siblings and matched unrelated or mismatched unrelated HSCT. DFS in patients with minimal residual disease (MRD) ⩾ 10 − 3 and in those with MRD o 10 − 3 before SCT was comparable. Our results indicate that a GvHD prophylaxis regimen based on CsA without mycophenolate or methotrexate is safe and effective whatever the donor compatibility is. These results suggest that GvL effect may be enhanced by this strategy of GvHD prophylaxis. 1,2 GvHD is associated with the GvL effect that is mediated by donor T lymphocytes, and particularly natural killer (NK) lymphocytes, their proliferation occurring along with GvHD.
INTRODUCTION
Allogenic hematopoietic stem cell transplantation (HSCT) remains the best option to treat high-risk AML and very high-risk ALL in children. Immunological conflicts induced by HSCT have been shown to reduce the risk of relapse. 1, 2 GvHD is associated with the GvL effect that is mediated by donor T lymphocytes, and particularly natural killer (NK) lymphocytes, their proliferation occurring along with GvHD. 3, 4 GvHD can unfortunately complicate HSCT by causing substantial morbidity and transplantationrelated, non-relapse mortality (TRM). The search for an optimal strategy for GvHD prophylaxis to obtain a beneficial effect on leukemia without increasing TRM has been the object of many studies. The best results on relapse rates have been seen in patients with mild GvHD. 5 Cyclosporine (CsA) is the most extensively used drug to prevent GvHD after allogeneic HSCT. CsA is generally combined to short courses of methotrexate (MTX) for GvHD prophylaxis in children despite a possible disadvantage on GvL effect. 6 CsA is rarely used alone, except for patients transplanted from sibling donors. 7 To date, there is no report on the use of CsA without MTX in patients transplanted from unrelated donors.
The significant intra-and interpatient variability in CsA pharmacokinetics makes the monitoring of blood concentrations and individualized dosage necessary. Early post-transplantation exposure to CsA has been related to acute GvHD (aGvHD) severity. [8] [9] [10] It is now generally agreed that CsA trough blood concentration (TBC) is the pharmacokinetic parameter that best correlates with GvHD outcome. 11, 12 Nevertheless, there are no data regarding specific values of CsA TBC to target to favor mild aGvHD without increasing the incidence of severe GvHD. Based on our previous experience, we have been performing therapeutic drug monitoring of CsA TBC combined with Bayesian dose adjustment, and targeting relatively low levels in leukemia patients. 13 The aim of the present study was to evaluate GvHD prophylaxis based on CsA alone with specific blood monitoring, and especially without MTX or mycophenolate mofetil (MMF), even for unrelated donors, in a large cohort of children transplanted for high-risk acute leukemia. The relationships between CsA pharmacokinetics and outcome or relapse were also assessed.
PATIENTS AND METHODS Patients
A total of 117 HSCT in 115 children (aged 0.5-19 years) with high-risk leukemia undergoing HSCT in our center between 2000 and 2013 met the following inclusion criteria: AML or ALL or biphenotypic leukemia in first or further CR before transplantation, matched sibling or matched unrelated 1 donor (MURD) or mismatched unrelated donor (MMURD), GvHD prophylaxis consisting of CsA without MTX or MMF and patients receiving CsA in two daily 2-h infusions. Two patients underwent a second HSCT after relapse. Three patients for whom CsA had to be stopped early because of renal toxicity or thrombotic microangiopathy before engraftment were excluded from the analysis of relationships between CsA pharmacokinetics until engraftment and aGvHD occurring concomitantly (one patient died). Four patients (including one second HSCT) who died before engraftment were excluded from both the pharmacokinetic and disease-free survival (DFS) analysis, as the end point of the study was GvHD prophylaxis but not leukemia treatment.
Among the 110 remaining HSCT patients (109 patients), 52 were for AML, 52 for ALL and 6 for biphenotypic leukemia. ALL patients in their first CR (CR1) eligible for transplantation were patients with induction failure or high minimal residual disease (MRD) after induction (⩾10 − 2 ), hypodiploidy o40 chromosomes, mixed lineage leukemia rearrangement and until 2005, patients with T-cell ALL, poor prednisone response and WBC count 4100 g/L, and patients with bcr-abl rearrangement.
14 For infants and patients with bcr-abl rearrangement after 2005, indications of HSCT were as described in the INTERFANT and ESPHALL trials. 15, 16 Patients with relapsed ALL were treated according to the risk stratification of BFM relapses protocols. 17 For AML patients in CR1, HSCT was recommended for all patients with monosomy 5 or 7, translocation t(6,9) and mixed lineage leukemia rearrangement, except for translocation t(9,11) with related or unrelated donors, and was performed in other cases with matched sibling donors (MSDs) only, except for patients with translocation t (8, 21) . 18 All AML relapses were indications to transplant after CR2 was achieved. 19 For all the patients, GvHD prophylaxis consisted of CsA. CsA was combined with 7.5 mg/kg rabbit antithymocyte globulin for unrelated donors (including cord blood), and divided into three doses of 2.5 mg/kg (TBI-based conditioning regimens: days − 3, − 2, − 1; busulfan-based conditioning regimens: days − 5, − 3 and − 1). Corticosteroids (1 mg/kg per day, days 1-30) were added for cord blood transplantation. No patient received neither MTX nor MMF.
Forty-seven out of the 110 HSCT were from an HLA-MSD, 16 from an MURD (10/10 for bone marrow and 6/6 for cord blood) and 47 from an MMURD (9/10 or 8/10 for bone marrow and 4/6 or 5/6 for cord blood). The preferred stem cell source was bone marrow. Peripheral stem cells or cord blood were used in 5 and 17 patients, respectively. HSCT characteristics are summarized in Table 1 . Two-thirds of AML patients (36/52) were transplanted in CR1, and the others in CR2 (16/52) . Most ALL patients were transplanted in CR1 (25/52) or CR2 (24/52), and the remaining three patients in CR3. Patients with biphenotypic leukemia were transplanted in CR1, except for one patient in CR2.
The pretransplant conditioning regimen was based on TBI with either etoposide or cyclophosphamide (n = 54), or a busulfan-based regimen combined with either cyclophosphamide or fludarabine (n = 56). Etoposide was added to busulfan and cyclosphosphamide in young ALL patients. Thiotepa was added to busulfan and cyclophosphamide if a special risk of central nervous system relapse could be identified (n = 4). Therapeutic drug monitoring of busulfan plasma concentrations was performed to individualize its doses to obtain a target area under the curve between 980 and 1250 μM.min.
13

GvHD prophylaxis
Apart from in vivo T cell depletion for unrelated donors and prednisolone for cord blood stem cell source, GvHD prophylaxis consisted of CsA alone for all patients. Neither MTX nor MMF was used at any time. Administration of CsA was always started the day before transplantation by using an initial 2-h IV infusion of 1.5 mg/kg two times daily. Subsequent doses were determined individually by a Bayesian approach as described previously. 13 When oral administration could be tolerated, CsA was given orally every 12 h. In the absence of GvHD, CsA dosage was tapered starting 2 months following transplantation.
CsA monitoring strategy
Measurements of CsA TBC were performed on peripheral venous blood samples by immunoenzymatic assay. 20 During IV treatment, CsA TBC was measured two to three times weekly starting from the day after transplantation. Target TBC was 120 ng/mL irrespective of the donor compatibility (we had previously reported that antithymocyte globulin use was a significant factor for preventing aGvHD by reducing the consequences of HLA disparities 11 ).
Grading of aGvHD and treatment aGvHD was graded by standard clinical criteria and staged according to the Glucksberg et al. 21 criteria including the extent of rash, daily diarrhea volume and serum bilirubin. aGvHD occurred in the early post-transplantation period, during IV treatment with CsA, and in hospitalized patients. CsA doses were increased as soon as the first signs of GvHD occurred to obtain TBC ranging from 150 ng/mL for grade I GvHD to 200 ng/mL for at least grade II GvHD. Corticosteroids were only added in patients with at least grade II aGVHD (prednisolone 1-2 mg/kg per day, depending on the stage) either immediately for severe GvHD or after 48 h of increased CsA doses with adequate CsA TBC in patients with poorly responding moderate GvHD. Abbreviations: ATG = antithymocyte globulins; CsA = cyclosporine; D = donor; MMUD = mismatched unrelated donor; MUD = matched unrelated donor; R = recipient; TRM = transplantation-related mortality.
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MRD analysis
Monitoring for MRD was performed on bone marrow samples collected 30 days before transplantation and on day 90 after transplantation. For ALL patients, MRD was measured by quantitative PCR. In case of impossible MRD quantification or analysis failure by PCR in ALL patients, multiparameter flow cytometry-based MRD results were accepted. For AML patients, MRD was measured only by multiparameter flow cytometry.
PCR was performed with patient-specific, allele-specific oligonucleotide primers for specific DNA marker amplification. The DNA marker used could be leukemic clone-specific rearrangements of the Ig and TCR genes, or oncogenic DNA markers. Allele-specific oligonucleotide-PCR was performed and interpreted as described in up-to-date EuroMRD guidelines. 22 Multiparameter flow cytometry was performed on fresh cells after erythrocyte lysis using staining with Ab panels, as described previously in ALL. 23 At diagnosis, leukemia-associated immunophenotypes were determined on 10 000 to 15 000 nucleated cells. For follow-up samples, as described above, 2.5 × 10 5 non-gated events or more stained nucleated cells were analyzed using FACSCalibur flow cytometers (BD Bioscience, San Jose CA, USA). In AML patients, MRD was measured by multiparameter flow cytometry as described previously. 24 MRD results were given as the percentage of leukemic cells in the total population of nucleated cells. The MRD positivity was defined as ⩾ 10 − 3 . [22] [23] [24] [25] Statistical analysis All statistical analyses were performed using SPSS for Windows (version 11.0; SPSS, Chicago, IL, USA). Pearson's χ 2 tests were used to compare possible differences in qualitative variables between groups of patients. Comparison of quantitative variables such as mean CsA trough concentration between groups of patients used Student's T-test or Mann-Whitney U-test. Individual means of CsA trough concentrations observed during two kinds of periods (during the first 2 weeks post-transplantation and during aplasia, i.e., until engraftment) were considered. The Kaplan-Meier method was used for survival or probability estimates. The log-rank test was used for comparison of survival between groups of diseases or MRD or probabilities of aGvHD between groups of CsA TBC values. All differences were considered significant when the P-value was o0.05.
RESULTS
Incidence of GvHD and relationships with CsA pharmacokinetics aGvHD occurred in 70.9% (78 of the 110 HSCT). Among them, 93.6% presented with only cutaneous signs. The incidence of the different grades of aGvHD was as follows: grade I, 40.9% (45/110); grade II, 28.2% (31/110); and grade III-IV, 1.8% (2/110). Chronic GvHD occurred in 8.4% of HSCT (9/107, 3 patients dying before D100). The mean of individual mean observed CsA TBC in patients with aGvHD was 114 ± 16 ng/mL during the first 2 weeks post transplantation. It was 113 ± 15 ng/mL until engraftment (which occurred at day 22 ± 8). They were significantly higher in patients without aGvHD: 137 ± 23 ng/mL (Po 0.001) and 134 ± 21 ng/mL (P o 0.001), respectively. A CsA TBC of 120 ng/mL appeared to be the most relevant value to target to obtain mild or moderate GvHD. Indeed, aGvHD occurred in 87.1% of patients with a mean CsA TBC ⩽ 120 ng/mL during the first 2 weeks post transplantation, and only in 42.5% of patients with mean CsA TBC 4120 ng/mL (P o 0.0001). The difference in the incidence of GvHD was similar if mean CsA TBC observed until engraftment were considered (84.7% versus 44.7%, P o0.001). Probabilities of aGvHD associated with mean CsA TBC cutoff of 100, 110, 120 and 130 ng/mL during the first 2 weeks post-transplantation, for both type of leukemia (ALL or AML), are shown in Table 2 . Overall incidence of aGvHD was comparable in patients transplanted from MSD or URD. The incidence of aGvHD was 72% (34/47) in MSD, 75% (12/16) in MURD and 68% (32/47) in MMURD (P = 0.836). The incidence of severe GvHD was not different between patients transplanted from URD and those from MSD (2/63 patients with grade II-IV aGvHD in MSD and none in URD HSCT, P = 0.098).
CsA TBC values in patients with or without aGvHD according to donor compatibility are given in Table 3 . Dose adjustments were highly variable between patients, and also for each individual. Mean daily doses allowing to reach a target TBC around 120 ng/mL were 3.53 ± 1.10 (range 1.50-5.50) mg/kg in small children (0-8 years old, n = 49) and 2.38 ± 1.13 (range 0.83-5.70) in older children (9-19 years old, n = 59) (P o 0.001).
Incidence of relapse and DFS Eighteen patients (16.4%) relapsed between 1.4 and 23.6 months post HSCT (mean ± s.d.: 7.8 ± 6.1 months). Three patients were not evaluable because of early death (o3 months post HSCT). Five-year DFS was 78.0% (95% confidence interval (CI): 70.6-86.2) (Figure 1) . DFS according to CR number, leukemia phenotype, donor compatibility and use of corticosteroids are given in Table 4 . None of the six patients with biphenotypic leukemia relapsed, but two of them died before 3 months after HSCT.
TRM and overall survival TRM was low: 11 out of 115 patients (9.5%) died from causes other than relapse-chronic pulmonary GvHD (n = 2), infection (n = 5), pulmonary complications (n = 1), veno-occlusive disease (n = 2) and GvHD after donor lymphocyte infusion (n = 1). Five-year overall survival was 80.0% (95% CI: 73.3-87.9) for the whole population and 83.3% (95% CI: 76.6-90.7) for the 110 HSCT included in the study. 
DISCUSSION
This retrospective study presents the results of our center regarding the incidence of aGvHD and chronic GvHD, relapse rate, long-term survival and TRM in a pediatric population with acute leukemia who underwent allogenic HSCT receiving CsA alone as GvHD prophylaxis. There is actually a major concern regarding the optimal immunosuppression therapy to be administered after transplantation to both reduce the toxicity of GvHD and the rate of relapse, particularly in patients with MRD ⩾ 10 − 3 before transplantation. 26 Our study is the first to report the use of a GvHD prophylaxis regimen containing CsA only, without MTX or MMF in both matched siblings and matched or mismatched unrelated HSCT. The very low incidence of severe aGvHD and chronic GvHD shows the feasibility of a more gentle GvHD prophylaxis whatever the donor HLA compatibility may be. However, reaching these results required very close pharmacokinetic monitoring of CsA. Indeed, we previously reported a strong relationship between CsA TBC during the first 2 weeks post-transplantation, and the severity of aGVHD occurring at engraftment. 8 In the present study, CsA TBC were maintained around 120 ng/mL, even if the intraindividual variability of CsA pharmacokinetics might have led to transient lower or higher concentrations. Our results confirm that the cutoff value 120 ng/mL seems the most relevant to target to trigger off a mild aGvHD in both ALL and AML patients. This study is the first one proposing a CsA TBC value allowing the increase of the incidence of mild but not severe aGvHD. The incidence of severe aGvHD reported in most studies on transplanted children for leukemia is generally much higher (8-19%), although GvHD prophylaxis regimens also include short courses of MTX or MMF. [27] [28] [29] [30] [31] [32] [33] However, observed values of CsA TBC are almost never reported, making difficult any comparison of CsA monitoring. The incidence of chronic GvHD reported in previous similar cohorts varies between 14 and 46%, 31, 34 with a majority between 20 and 30%. 30, 32, [33] [34] [35] [36] [37] The incidence of chronic GvHD we report is lower (8.2%). The incidence of GvHD was not different between matched siblings or unrelated HSCT in our cohort, despite targeting similar CsA TBC. This confirms the major role of antithymocyte globulin as part of GvHD prophylaxis in patients transplanted from unrelated donors. 11 We also report a low rate of TRM compared with other series where average TRM reaches 20-25%, 25, 29, 30, 34 even though a large variability (7-45%) is possible. 27, 35, 38, 39 Our results suggest that close monitoring of CsA therapy may permit a substantial reduction of GvHD-related mortality. Moreover, reduced immunosuppression Abbreviations: CS = corticosteroids; DFS = disease-free survival; MMURD = mismatched unrelated donor; MRD = matched related door; MURD = matched unrelated donor.
CsA pharmacokinetics and high-risk leukemia N Bleyzac et al may contribute to the low incidence of severe infections and related deaths. Other TRM causes such as severe liver venoocclusive disease might have been limited by using Bayesian individualization of busulfan dosage regimens. 13 Five-year DFS was particularly high in our cohort. DFS usually reported in children transplanted for high-risk leukemia from sibling or unrelated donors vary between 50 and 70%. 25, [27] [28] [29] [30] [31] [32] [33] 40 Weiss et al. 37 report a similar DFS (84%) using CsA alone as GVHD prophylaxis but in patients transplanted only from MSDs. 37 They also used CsA while targeting a lower and narrower TBC range (80-130 ng/mL) compared with those usually recommended (100-200 ng/mL). This is consistent with our good results obtained with reduced immunosuppression. However, the DFS they reported in their control patients was much lower (42%). The GvL effect might have been altered by the MTX courses they added to CsA.
The low incidence of leukemia relapse observed in our cohort may result from an enhanced GvL effect favored by the use of CsA alone, without MTX or MMF. Indeed, CsA pharmacodynamic effect on NK cells is distinct and allows NK cell cytotoxicity, 41 whereas it is impaired by MMF [42] [43] [44] or MTX. [45] [46] [47] Moreover, calcineurin inhibitors are the only immunosuppressive agents exerting their action by inhibiting interleukin-2 production. As CsA presents a concentration-dependent inhibitory effect on interleukin-2 production, 48 we hypothesize that low TBC may lead to an interleukin-2 level sufficient to permit NK cells expansion. Unfortunately, most studies on leukemia outcome after HSCT in children give no details about target CsA TBC.
The role of corticosteroids on the GvL effect remains unclear. We did not find any significant difference in DFS between patients treated or not by prophylactic methylprednisolone, despite a trend to higher DFS in patients who had some (cord blood HSCT). However, cord blood as a stem cell source may also have an intrinsically enhanced GvL effect. 49 Methylprednisolone has been shown to induce not only NK cell maturation but also to impair their cytotoxicity in vitro. 50, 51 In vivo, prophylactic corticosteroids seemed to alter NK cell recovery after HSCT. 52 The similar results between related and unrelated HSCT, which we observed, suggest that antithymocyte globulin has a minor role in GvL effect, confirming previous reports. 53, 54 Some additional explanations for the GvL effect and the high DFS in our cohort might also be invoked. First, a majority of mild to moderate aGvHD grades were observed in our patients, exempting us to add other immunosuppressive agents other than methylprednisolone. Second, as this study is monocentric, patients in this study did not receive various combinations of immunosuppressive agents as usually reported. 25, 28, 30, 35, 54 MRD before HSCT had no prognostic value in our cohort. The DFS of patients with negative or positive MRD before HSCT was similar. This contrasts with previous studies where DFS was about two times lower in patients with pretransplant detectable MRD. 25, 27, [55] [56] [57] However, MRD could not be measured in all patients in our study. Thus, for those patients for whom data were available, only a few had positive MRD. This could also be related to the relatively short delay between CR achievement and transplantation in our center: 5.7 ± 4.4 and 4.3 ± 3.1 months for patients in CR1 and CR2, respectively. Nevertheless, the gentle immunosuppression given to our patients may have contributed to maintaining MRD o 10 − 3 , or to reversing MRD ⩾ 10 − 3 after HSCT. Actually, all previously published studies that described a worse outcome of pre-HSCT-positive MRD in ALL children reported the use of MTX or MMF as part of the GvHD prophylaxis regimen given. 25, 27, 56 Among them, Balduzzi et al. 27 obtained a relatively high rate of aGvHD (80%), which could have favored a GVL effect. However, their patients with grade II-IV GvHD received a median of three additional lines of immunosuppression, and the positive effect of GvHD on MRD might have been counterbalanced. The results obtained in our patients regarding the influence of pre-HSCT MRD on relapse are in accordance with those of Fagioli et al. 30 They did not find any prognostic value of MRD in ALL either, and their cohort consisted of a majority of HSCT from MSDs with CsA alone as GvHD prophylaxis.
No data are available about the involvement of aGvHD in reducing MRD. GvHD has been shown to have a favorable effect on survival in patients with MRD ⩾ 10 − 3 as well as in patients with MRD o 10 − 3 . 58 However, no relationships have been established between GvHD occurrence and the evolution of MRD. Our study suggests that GvHD may have a role in decreasing MRD. However, our cohort has too few patients with evaluable MRD before and after HSCT to draw any solid conclusions. Moreover, subclinical GvHD is not considered, although NK cell production may be sufficient to affect MRD. It is possible that some of our patients without clinical signs of GvHD might have benefit of a GvL effect just by maintaining relatively low CsA TBC. This is consistent with studies reporting no effect of GvHD on survival, while using MMF or MTX with a negative impact on NK cells. 57 Further studies are mandatory to evaluate the possible link between CsA pharmacokinetics and NK cell production after HSCT.
CONCLUSIONS
Our results indicate that a GvHD prophylaxis regimen based on CsA alone, without either MTX or MMF, in children with ALL or AML is safe and effective, with similar GvHD and relapse rates in patients transplanted from MSDs and from unrelated donors. These results may be obtained provided that close monitoring of CsA TBC with specific target concentrations is performed. Further improvement may probably be achieved with better knowledge of post-transplant immunoregulation.
